Abstract: Molecular evolution of large protein families in closely related species can provide useful insights on structural functional relationships. Phylogenetic analysis of the grass specific gene family, group II HKT identified two distinct subfamilies, I and II. Subfamily I was confined to the small grain cereals and possibly originated from an ancestral gene duplication post divergence from the coarse grain cereal lineage. The core protein structures were highly analogous despite there being no more than 58% amino acid identity between members of the two subfamilies. Distinctly variable regions in known functional domains, however, indicated functional divergence of the two subfamilies. The subs-sets of codons residing external to known functional domains predicted signatures of positive Darwinian selection potentially identifying new domains of functional divergence and providing new insights on the structural functional relationships between protein members of the two subfamilies.
Introduction
High affinity K + transporters (HKTs) have an important role in Na + transport in plants which makes the genes encoding these proteins potential targets for improvement of salt tolerance in crops. While both dicots and monocots have group I HKTs, grass species are unique in that they evolved a second type of HKTs encoded by the group II HKT genes. The group II HKT transporter proteins comprised of a hallmark glycine (G) residue in the first selectivity filter position resulting in a G-G-G-G type selectivity filter, in contrast to group I HKTs where a serine (S) substitution gave rise to a S-G-G-G type selectivity filter (Platten et al. 2006 ). This structural difference resulted in an important functional modification whereby group I HKTs mediated Na + uniport but the transport mode of group II HKT can vary between K + or Na + uniport and Na + /K + symport (Corratge-Faillie et al. 2010) , indicating functional divergence between HKT groups. Four group II HKT genes were identified from rice (Garciadeblas et al. 2003 ) with orthologs of rice
OsHKT2;1 identified in wheat (TaHKT2;1) (Ariyarathna et al. 2014; Schachtman and Schroeder 1994) and barley (HvHKT2;1) (Oomen et al. 2012) . Systematic BLAST searches in public databases followed by experimental analysis recently identified a second group II HKT gene family in wheat, TaHKT2;2 which was orthologous to rice OsHKT2; 3 and OsHKT2; 4 (Ariyarathna et al. 2016) . Although three additional group II HKT genes were predicted from Brachypodium BiHKT2;1 and BiHKT2;4, and sorghum SbHKT2;1 (Wang et al. 2014) , there is a lack of detailed characterization of these genes and the predicted proteins. Therefore, the wheat and rice genes provided a basis to study the relationship between group II HKT genes and comparative analysis of protein structure in grasses.
The structure of membrane transporter proteins can provide inferences on their function in biological systems. Evolutionary relationships between K + channels and transporters supports the hypothesis that HKT and related members of the superfamily of K + transporters (SKT) evolved from small K + channel type prototypes of bacterial origin (Durell et al. 1999; Hanelt et al. 2011 ).
As such, experimental data on the crystal structure of bacterial proteins KcsA K + channel from
Streptomyces lividans (Doyle 1998; Kato et al. 2001) and TrkH transporter from Vibrio parahaemolyticus (Cao et al. 2011; Vieira-Pires et al. 2013) , were used in protein homology modelling to predict 3-D atomic scale structures of HKT (Ariyarathna et al. 2016; Cotsaftis et al. 2012; Durell et al. 1999 ). The models can be used to identify functional domains based on structural analogy with known proteins in other organisms.
Evolutionary history of large protein families with functionally diverse members, such as the one encoded by HKT, can be used to gain insights on structural and functional relationships.
The rate of nonsynonymous (dN) and synonymous substitutions (dS) referred to as the dN/dS ratio (ɷ) has been used as a common matrix to detect selection and divergence that shaped the D r a f t 4 evolutionary history of genes (Kimura 1980; Yang and Bielawski 2000) . When ɷ>1, a gene is under positive selection and, conversely, when ɷ <1, the gene is interpreted as evolved under purifying selection. Similarly, when normalized (ɷ ~ 1), the gene evolved neutrally. Protein coding genes normally are under purifying selection and, therefore, ɷ <1 is often a rare case when the entire gene is considered (Wolfe and Sharp 1993) . However, it is not uncommon that amino acid sequences coding for specific domains within the protein resulted in ɷ>1 and such domains lead to adaptive evolution (Yang 1998) . Therefore, phylogenetic analysis of HKT families across species and genera can be used to track ɷ values along lineages and detect amino acid changes causing protein structure modifications and potentially functional variations.
Genome and protein data for a diverse array of grasses will enable a robust comparative analysis between species. In this study, gene and protein sequence information for group II HKT genes from selected crop and model grass species was integrated to construct phylogenies and compare protein structural models. The outcome of the study will provide information on specific protein domains that were targets of selection during evolution of group II HKT and, hence, potential functional sites can be postulated.
Methods

Database searching and protein modelling
Full length cDNA (FL-cDNA) of group II HKTs from rice and wheat were used as query sequence in BLASTN and TBLASTX search of rice genome browser (http://rice.plantbiology.msu.edu/cgi-bin/gbrowse/rice/), the wheat survey sequence repository (http://wheat-urgi.versailles.inra.fr/Seq-Repository/BLAST), and other grass genome sequences database available through nodes of Phytozome 11.0 (https://phytozome.jgi.doe.gov/pz/portal.html) to identify related FL-cDNA from rice, wheat, barley, Brachypodium, sorghum and maize. Sequences having significant similarity (E=0.00)
were further studied for predicted translated proteins. Structural models of the proteins were generated using PHYRE 2 (Kelley and Sternberg 2009) and analysed using PyMOL viewer and Molecular Graphics System 1.5.0.4. (The PyMOL Molecular Graphics System, Version 1.8
Schrödinger, LLC.).
Phylogenetic analysis and prediction of evolutionary history
FL-cDNA alignments were done using translation alignment procedure in Geneious 6. (Yang 2007) was used to study positive Darwinian selection upon a subset of sites in given branches of the phylogenetic tree of the HKT gene family. The constructed phylogenetic tress were converted into Newick format and manually adjusted before using in CODEML. The alternative model for episodic evolution (ɷ>1) was tested against null model (neutral evolution, ɷ≈1) by comparing likelihood ratio tests (LRTs) to a Chi-square distribution (df=1) (Zhang et al. 2005) . When the LRTs indicated positive selection, Bayes empirical Bayes (BEB) method was applied to calculate the posterior probabilities that each codon is from the site class of positive selection under the testing model.
Results
DNA sequence based phylogeny
The phylogeny of group II HKT genes were inferred using FL-cDNA sequence alignments.
FL-cDNA of group II HKT orthologs from rice OsHKT2;1, OsHKT2;2 OsHKT2;3 and OsHKT2;4 and wheat homeologous families TaHKT2;1 and TaHKT2;2 (Table I) were used as query sequences in BLASTN and TBLASTN (E=0.00) searches to retrieve orthologous FL-cDNA from barley, Brachypodium, sorghum and maize. Altogether, 17 group II HKT cDNA were identified and determined as putatively functional as they were transcribed in the selected grass species and coded for non-truncated proteins (Table I) . Variable copy number of group II HKT genes existed within and between species, ranging from one copy in sorghum and maize to four copies in rice and seven homeologous gene copies in wheat. FL-cDNA of group I HKT from rice and wheat were used as an outgroup. An unrooted maximum likelihood tree was generated using PHYML procedure ( Figure 1A ) and was supported by similar tree topology generated by other algorithms including neighbour-joining and UPGMA (data not shown). The group II HKT genes identified two distinct clusters (subfamilies I and II in Figure 1A ). Although, the phylogenetic analysis revealed a common origin and, therefore, supported the hypothesis that gene duplication and divergence resulted in evolution of the group II separately from group I HKT genes, less than 65% pairwise sequence identity existed between members of the two subfamilies. Based on the analysis of the draft or finished whole genome sequences, both subfamilies were represented in wheat, rice, barley and Brachypodium whereas subfamily II were only represented in the finished genome sequence of sorghum and maize , indicating that duplication and divergence within putative functional group II HKT genes occurred in the small grain cereals lineage post-divergence of the coarse grain cereals. Among the grass genomes analysed, species specific and within subfamily gene duplications were evident in rice and the B genome of hexaploid wheat. Therefore, the group II HKT evolved through both ancient and relatively recent events possibly indicating differential selective constraints across the grass species.
Predicted proteins and 3-D modelling
The full length cDNA sequences from individual species were used to predict and align the translated proteins. Most predicted proteins were of 508 to 555 amino acids in length (Table I) .
Although AK370026 from barley encoded a largely truncated protein of 370 amino acids due to the presence of an in-frame stop codon (data not shown) and, therefore, possibly represented a transcribed pseudogene. This gene, therefore, was not included in protein analysis and modelling.
The predicted proteins encoded by the remaining group II cDNAs revealed 57.7% pairwise amino acid sequence identity. Each domain in the subfamily I proteins showed higher degree of amino acid sequence conservation compared to the same within subfamily II ( Figure 1B ) further supporting the view that subfamily I evolved from a relatively recent duplication event, whereas subfamily II represented an ancient gene family. The pairwise amino acid sequence identity between subfamilies was 64.9-72% in the membrane-pore-membrane (MPM) domains. In contrast, the amino terminus, cytoplasmic domains and the carboxyl terminus were highly variable ( Figure 1B ). The between group pairwise amino acid identity was considerably less than that of the within group for the amino terminus, cytoplasmic domains 1, 2 and 3 (CyD1, CyD2
and CyD3) and the carboxyl-terminus ( Figure 1B ), indicating diversification of the two subfamilies in these domains.
The 3D atomic scale models of proteins encoded by group II HKT were predicted by homology based protein structure modelling using PHYRE and analysed by PHYMOL. The tertiary structures of the group II HKT were structurally conserved in MPM domains ( Figure 2A and B), despite no more than 72% amino acid residue identity was revealed between the two subfamilies in these domains. As expected, all these proteins had a conserved G-G-G-G type selectivity filter motif ( Figure 2A and B), however, protein encoded by rice OsHKT2;1 was an exception having S-G-G-G filter motif (data not shown). However, distinctly different motifs between the two group II HKT subfamilies were identified in the cytoplasmic domain 1 and 3 (CyD1 and CyD3), carboxyl terminus of the sixth transmembrane domain (M 2C ), external domains 1 and 2 (ExD1 and ExD2) and in carboxyl terminus, (Figure 2A and B). Although the NH 2 -terminus of M 2C domain in proteins of both subfamily I and II identified an intermembrane loop, the carboxyl terminus of M 2C was variable whereby proteins of subfamily II predicted an ά-helix but all proteins of sub family I, except the rice protein OsHKT2;1, predicted a coil in this domain causing notable structural differences between the subfamilies ( Figure 2A ). CyD1 in all proteins of subfamily II except orthologs from sorghum and maize identified a 13 amino acid deletion and, therefore, this domain was truncated in most members of subfamily II ( Figure 2C ). Similarly, the subfamily II proteins had a truncated carboxyl terminus in all proteins except in rice proteins OsHKT2;3 and OsHKT2;4 and sorghum protein SbHKT2;1 ( Figure 2A ). Therefore, superimposing models for each of the 16 proteins revealed structural analogy in the core protein structure but variable regions in the cytoplasmic and external domains.
D r a f t
Divergence following gene duplication may indicate relaxed constraints and an evolutionary role for specialized adaptation or accumulation of neutral substitutions. These possibilities were investigated by comparing neutral (ɷ≈1) against selective models (ɷ>1) for group II HKT evolution based on ɷ values in the CODEML branch-site model of the PAML package. The model (ɷ>1) fitted with the phylogenetic tree of the group II HKT cDNAs (P<0.0004) showed that positive selection affected a subsets of amino acids in proteins of subfamily I during a specific evolutionary time. The amino acid residues that were fixed faster than the neutral substitution rate were identified by Bayes Empirical Beyes (BEB) method in CODEML. Residue S93 and F288 in the protein encoded by TaHKT2;1 7AL-1 and the corresponding residues in the remaining proteins of subfamily I had a high probability (>96%) of undergoing positive selection ( Figure 1B and 2C) . The amino acids within proteins of subfamily II corresponding to residues 93 and 288 were substituted with alanine and phenylalanine, respectively ( Figure 2C ). Therefore, it is likely that these sites were signature sequences for positive selection and, hence, identified sites of potential functional divergence between the two protein subfamilies.
Discussion
Phylogenetic analysis of group II HKT provided evidence for gene duplication and divergence resulting in two distinct subfamilies. In each species, members of the two subfamilies were located adjacently on the same chromosome (Huang et al. 2008; Very et al. 2014 ) and supported the view that these genes resulted from duplication of a common ancestral gene.
Members of the subfamily II were identified from all grass species studied; therefore, members of this subfamily were present in the common ancestral grass species. In contrast, the absence from sorghum and maize indicated that subfamily I evolved in the small grains lineage possibly 60 to 32 million years ago, based on the molecular clock for grass genome evolution (International Brachypodium 2010). Accelerated gene evolution caused diversification of subfamily I and resulted in a significantly low degree of sequence homology between members of the two subfamilies. Rice and wheat provided evidence for further expansion of the subfamilies identifying at least one additional duplication event that resulted in related but not identical gene copies in rice but lack of divergence resulted in the evolution of identical gene duplicates in B genome of wheat. However, not all duplication events were taken into account in this analysis because some of the duplicated genes were either not transcribed or expressed but contained a pre-mature stop codon resulting in largely truncated and presumably non-functional proteins.
Transcribed but non-functional group II HKT gene copies were identified in barley in this study and non-transcribed pseudogenes were previously reported in wheat (Ariyarathna et al. 2014; Huang et al. 2006 ) and rice (Garciadeblas et al. 2003 ) but the significance of duplicated genes resulting in pseudogenes are yet to be ascertained. Gene duplication and divergence is a key mechanisms of molecular evolution of stress tolerance in plants, with evidence found from D r a f t 8 different salt transporter families such as NHX and SOS1 . Similarly this study showed sustained gene duplication events and divergence in members of group II HKT during speciation and adaptive evolution of grass species.
The core structure and the selectivity filter domain of the proteins in the two group II HKT subfamilies were highly conserved, specifically in tertiary core structures. Furthermore, it was found that most functional domains previously studied for HKT transporters (Ali et al. 2012; Diatloff et al. 1998; Kato et al. 2001; Maser et al. 2002; Rubio et al. 1995; Rubio et al. 1999) were conserved between the two subfamilies (data not shown). However, the M 2C domain that identified an important regulatory structure in the SKT super family including HKT (Levin and residues in other subfamily II proteins was structurally analogous to the 6 th Tyrocine in the M A1 PM A2 selectivity filter of TrkH. The fact that these residues were variable between the two protein subfamilies and was subjected to episodic positive selection implicated differential functional role between the two subfamilies. Further studies in these domains will provide opportunities to understand functional sites and direct specific biological experiments to validate the role of group II HKTs in selective ion transport mechanisms.
In conclusion, the group II HKT genes in crop and model grasses are classified into two distinct sub-families. Although rice genes OsHKT2;1, OsHKT2;2 and OsHKT2;4 are variable for ion selectivity and functionality including maintaining Na + /K + homoeostasis, selective cation and transporters and channels (Horie et al. 2007; 2011; Lan et al. 2010; Sassi et al. 2012; Yao et al. 2010) , the within and between sub-family variation indicated that orthologs from other grasses may have similar or, indeed, different ion selectivity and transport properties. Nevertheless, this study demonstrated that presuming gene function based on classification within a sub-family needs to be treated with some caution and that gene functionality needs to be determined experimentally for each member of the group II HKT genes in crop and model grasses. Huang, S., Spielmeyer, W., Lagudah, E.S., James, R.A., Platten, J.D., Dennis, E.S., and Munns, EIFVSLLGLMLRVNHQDMQDLPSVKISSVPVELEVLDLANSMALCDESQLEDAS  EIFVSLLGLMLRVNHQDMQDLPSVKISSVPVELEVLDLANSMALCDESQLEEAA  EIFVSLLGLMLRVNHQDMPDLPRVKISSVPVELEEIDLANSMALSDESQLEEAT  EIFVSLLGLMLRVNHQDMQDLPSVKISSVPVELEELDLPNSMALCDESQLEEAA  EIFVSLLGLMLRVNHQDMPDISTVKISSVPVELEAIDSASSVTFCDESKLEEAT  EVFVSFLGLMLRLKHKHNPEFSGDRVSSVPIELDTIEPTRTVMSSEELQIEAAV  EVFVSFLGLMLRLNHKHNPEFSGDKVSSVPIELDTINSASTVISCEELQLEAAI 117 172 VTGLATIKME VTGLATIKME VTGLATIKME VTGLATIKME VIGLATIQME VTGLATTQME VTGLATVEME VTGLATVEME VSGLSTVKME VSGLSTVKME VSGLSTITME VSGLSTITME VSGLSTVKME VSGLSTIEME LSSLITIEME
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